Abstract--The response of nymphal and adult gregarious phase desert locust, Schistocerca gregaria, to a choice of two columns of air, one permeated with airborne volatiles emanating from nymphs or adults and the other untreated, was investigated in a single-chamber bioassay arena. The nymphs, whether released individually or in groups, preferred to be within the precinct of the air column treated with airborne volatiles of the nymphs but were indifferent to volatiles of the adults. Conversely, older adults responded only to their own volatiles but not to those of the nymphs or young adults. The young adults were responsive only to volatiles of the older adults. Charcoal-trapped volatiles from the nymphs and the adults reproduced the effect of living locusts. These results indicate that there are two different aggregation pheromones in S. gregaria: a juvenile pheromone produced by nymphs and an adult pheromone specific to adults.
INTRODUCTION
An important feature of locusts is their ability to reversibly transform between two extreme phases, solitaria and gregaria (Uvarov, 1966) . Individuals in the two phases differ in morphology, physiology, and behavior (Uvarov, 1966; Steedman, 1988) . The most striking feature of gregarious-phase locusts is their *To whom correspondence should be addressed. tendency to aggregate. They clump together in dense groups, march in bands as wingless hoppers, or swarm over long distances as adults (Steedman, 1988) . Although phase dynamics is predicated on locust density, a number of mediating factors have been implicated, including visual (Ellis and Pearce, 1962) , tactile (Chauvin, 1941; Ellis, 1959 Ellis, , 1962 and chemical (Nolte, 1963; Gillett, 1968) stimuli. Moreover, dietary factors (Jackson et al., 1978) and previous phase history of the locust (Michel, 1980) have also been shown to influence phase characters.
The mediation of a gregarizing pheromone was first recognized by Nolte (1963) and later confirmed by Gillett (1968 Gillett ( , 1975 , following observations that isolated individuals of several locust species, including Schistocerca gregaria, when kept in the same room with crowded locusts, continued to retain the pigmentary, morphometric, and grouping traits of the gregaria. Associated with gregarization was an apparent increase in chiasma frequency in adult males (Nolte, 1968; Nolte et al., 1973) . Using this as the principal bioassay to quantify effects of the pheromone, Nolte et al. (1970) traced the source of the pheromone to the hopper feces. Examination of the constituents of the steam distillate of the feces of crowded Locusta migratoria hoppers led to the identification of 5-ethylguaiacol (2-methoxy-5-ethylphenol) referred to as locustol, as the principal component of the gregarization pheromone (Nolte et al., 1973; Nolte, 1976) .
However, there have been serious doubts about the role of 5-ethylgualacol in locust gregarization (Whitman, 1990) . Although it was apparently effective in enhancing chiasma frequencies, it was not as effective in inducing other gregarious morphological traits (Nolte et al., 1973; Nolte, 1976) . In any case, the close-to-lethal doses used (Nolte, 1976) make uncertain the biological validity of the results. Moreover, Gillett (1983) failed to observe a significant effect of 5-ethylguaiacol on the grouping behavior of nymphal S. gregaria. Recently, Fuzeau-Braesch et al. (1988) analyzed airborne volatiles collected from the cages of gregarious S. gregaria and L migratoria (which included feces) but were unable to detect 5-ethylguaiacol and suggested that it may well be an artifact of steam distillation, the isolation technique used by Nolte et al. (1973) .
In their study, Fuzeau-Braesch et al. (1988) sought to identify compounds present in laboratory gregarious-phase populations and to investigate their releaser effects on the aggregation behavior of similarly reared locusts. Airborne collections of different stages of S. gregaria and L. migratoria showed the presence of varying amounts of four components, three of which were identified as phenol, guaiacol, and veratrole. Behavioral tests indicated that the compounds, alone or in mixtures, were unattractive to locusts. However, phenol, guaiacol, and the mixture of the three elicited significant clumping behavior in both species and were considered to act as "cohesion" pheromones.
While the approach employed by Fuzeau-Braesch et al. (1988) is sound, several criticisms may be leveled against their methodologies. First, their col-lection of volatiles was clearly inefficient based as it was on the condensation of these in an ice bath (0~ minor and more volatile components could have escaped detection. Second, the complete volatile compositions emanating from the locusts were not assayed and, therefore, no basis exists for evaluating the relative importance of the identified compounds in the pheromone blend. Third, it is difficult to understand the rationale for a five-choice olfactometer design (four compartments connected to a central compartment in the form of a cross) in essentially a two-choice bioassay. Indeed, examination of their data suggests a consequent loss of sensitivity of the assay. Moreover, individual gregarious locusts were not bioassayed, which could have established if the pheromone blend does indeed act only when visual and tactile stimuli are already operational as proposed by the authors.
We have initiated a comprehensive reinvestigation of the pheromone system mediating both the primer and releaser effects associated with locust gregarization, and in this paper we describe the aggregative responses of gregarious nymphal and adult S. gregaria to their airborne volatiles.
METHODS AND MATERIALS
Insects. Crowded desert locust, Schistocerca gregaria (Forskal) (Orthoptera: Acrididae) from the ICIPE colony originating from a stock obtained from The Desert Locust Control Organization for Eastern Africa (DLCO-EA) in Addis Ababa, Ethiopia, was used for the study. Insects (300-400) of both sexes were bred under crowded conditions in aluminum cages (50 x 50 x 50 cm). They were reared in a special room (4.5 x 4.5 m) that was well aerated by a duct system that maintained a negative pressure with a nycthemeral temperature of 30-35~ and a light cycle of 12 : 12 hr light-dark. Fresh sorghum shoots (Serena variety) and wheat bran were provided daily.
Collection of Volatiles. Volatiles were collected on traps using charcoal as adsorbent (80-100 mesh Chrompack). Before use, the charcoal was cleaned by Soxhlet extraction with dichloromethane (Merck) for 72 hr, followed by activation under nitrogen (20 ml/min) at 250~ Volatiles were collected separately from 100 individuals each of third-and fifth-instar nymphs and of young (four to eight days after ecdysis) and older adults (16-20 days after ecdysis), contained in a 5-liter three-neck round-bottomed flask. Charcoal traps were prepared by packing between two glass wool plugs ca. 1.2 g of charcoal in 6-cm-long x 8-mm-ID glass tubes. Air filters were prepared similarly and each consisted of a 6-cm-long x 25-mm-ID glass tube containing 4.2 g of charcoal. The two side necks of the flask were fitted with the activated charcoal columns, with the central neck closed with a stopper. All the joints were sealed with Teflon tape. A vacuum pump (Cole-Parmer air-cadet) sucked air through the collection appa-ratus at 300 ml/min. Clean air (passed through the other activated charcoal column) was continuously drawn over locusts, which were kept at a temperature of 30 • 1 ~ for 24 hr. All the charcoal traps were eluted with 8 ml HPLCgrade dichloromethane (Aldrich Ltd.) and concentrated under a stream of nitrogen to 300 #1 at 0~ All the volatile concentrates were stored in the freezer at -15~ until use. Olfactometer Design. Bioassays were conducted in a glass chamber (60 • 30 • 30 cm) that minimized adsorption and subsequent desorption of active chemicals and allowed proper cleaning between experiments ( Figure 1) . A removable wire gauze covered the top. An aluminum metal plate drilled with 2-mm-diam. holes, 1 cm apart, was fitted in the bottom of the chamber, each half of which was attached to a square pyramidal aluminum funnel (base length 28 era). Each funnel was connected by Teflon tubing to a 2-liter round-bottomed flask. Air from a compressed air cylinder, purified by passing through a charcoal filter, was split into two streams each passing into one flask and then into one of the two sides of the arena at a flow rate of 120 ml/min/side. One flask acted as a source of locust volatiles. Test insects were introduced into the olfactometer through a small door on the front of the chamber between the funnels. The olfactometer was placed in an extraction hood fitted with two 60-cm diffusedlight tubes (60 W) to provide uniform illumination and was kept in a laboratory whose temperature was maintained at 30 _+ 1 ~ Between experiments, the connector tubings and flowmeters were flushed with clean air and were also changed regularly to minimize contamination with volatiles.
Responses to Volatiles Emanating Directly from Live Insects.
We studied the behavioral responses of S. gregaria to a choice of two sides of the arena, one permeated with clean air and another with air enriched with airborne volatiles of locusts. Enrichment with locust volatiles was effected by placing 10 insects in the flask linked to the appropriate side of the olfactometer. No visual contact was possible between test insects and those used as odor source.
Locusts were released into the olfactometer singly or in groups of 10. After 30 min the number of locusts in each section of the arena was measured (previous 2-hr observations had demonstrated no significant change in locust distribution with time). Using single individuals eliminated possible effects of visual and tactile stimuli provided by other locusts. Second-, third-, fourth-, and fifth-instar nymphs, young and older adults (all mixed sex) were used as test insects and as odor sources. Tests involving groups were replicated 10 times each, while those involving individual insects were replicated 100-times. In all tests, locusts were used only once and then discarded. Uncommitted insects found in the middle part of the olfactometer were treated as nonresponders. The aggregation index (AI) was calculated as 100 (T -C)/N where T is the number of locusts found in the treated compartment, C is the number of locusts found in the control compartment, and N is the total number of locusts tested. Differences between treatments were tested using the chi-square test.
Response to Charcoal-Trapped Volatiles. Assays were carded out in the olfactometer to assess the responses of S. gregaria to the charcoal-trapped volatile extracts in two different sets of experiments described below. In both experiments, the concentrated extracts were made up to 500/A with dichloro-methane before use and transferred into 3.7-ml glass vials, each containing 2 ml of light paraffin oil (Merck) to ensure slow release of volatiles. Each vial was capped with a screw cap, which had a 1.5-mm vent. Doses were expressed as locust emission hours (LH) (1 LH = volatiles emitted by 1 locust for 1 hr). The test solution was held in one flask and the control (2 ml paraffin oil mixed with pure dichloromethane) in the other flask of the olfactometer. Test insects were released either singly or in groups.
In the first set of experiments, charcoal-trapped volatiles from third-and fifth-instar nymphs and older adults were tested at a single dose of 96 LH against control. Second-, third-, fourth-, and fifth-instar nymphs and older adults were released singly, as described earlier, into the olfactometer. A similar experiment was conducted on trapped volatiles from young adults (four to eight days after ecdysis) at a single dose of 96 LH, and the effects on aggregation of fourthand fifth-instar nymphs, young and older adults released in groups of 10 in the olfactometer were determined.
In the second set of experiments trapped volatiles collected from fifth-instar nymphs and older adults were tested to determine dose effects. Doses of 24, 48, 96, and 240 LH were tested against controls. The effects of these treatments on aggregation of fifth-instar nymphs and older adults released in groups of 10 in the olfactometer were determined. Tests were replicated ten times.
Throughout the study, two blank controls were run periodically and we systematically switched sides of the chamber for the control and the treatment to minimize bias.
RESULTS

Distribution in absence of Odor. Preliminary observations were carried out
to assess the distribution of locusts in the two sections of the olfactometer in the absence of an odor source. All stages of the locusts were randomly distributed with no preference for either of the sections. The number of locusts found in the two sections did not significantly vary with time up to 120 min. This indicated that there were no subtle factors affecting the distribution of insects in the choice olfactometer.
Responses to Airborne Volatiles. Tables 1 and 2 summarize the olfactometric distribution of locusts released singly and in groups of 10, respectively. No significant differences were observed between the two. Table 3 gives the distribution of locusts to trapped volatile extracts. The two sets of results show clearly that the nymphs responded only to nymphal volatiles but were indifferent to the adult volatiles. Conversely, the older adults responded only to their own volatiles but not to those of young adults and nymphs. Young adults responded only to volatiles of the older adults but were indifferent to their own and to Older adults 13 85 72** 10 locusts in a 2-liter flask. Air flow = 120 ml/min. b 100 locusts tested per replicate. CDifference from control (X 2 test) indicated by: NS = not significant; ** P < 0.01. CDifference from control (X 2 test) indicated by: NS = not significant; **P < 0.01. nymphal volatiles. There were no significant differences between the responses of nymphs of different stages to volatiles of one another.
The responses of fifth-instar nymphs and older adults to locust volatiles is dose-dependent (Table 4) .
DISCUSSION
Our results show clearly that volatiles emitted by locusts stimulate grouping behavior in receptive individuals by retaining them within the precinct of atmosphere enriched with these volatiles. The insect's response increases in a dose- CDifference from the control (X 2 test) indicated by: NS = not significant; **P < 0.01. dependent fashion and then levels off (Table 4 ). This implies that in natural gregarious populations, individuals would be drawn together until, on the average, the concentration of the pheromone reaches an optimal value. Significantly, the retentivity of the stimulus appears to be independent of whether the insect is alone or in a group (Tables 1 and 2 ). Thus, contrary to previous speculations (Gillett et al., 1976; Fuzeau-Braesch et al., 1988) , visual and tactile stimuli are not prerequisites for the action of the releaser pheromone. Indeed, our results with individual insects suggest that pheromonal communication may be the principal mechanism modulating the aggregation behavior of the desert locust. Our results also indicate the existence of two releaser pheromone systems in S. gregaria: a "juvenile aggregation pheromone" produced by nymphal stages and to which only the nymphs respond, and an "adult aggregation pheromone" a 100 locusts tested per replicate. bTrapped volatile extract in 2 ml paraffin oil. Air flow = 120 ml/min. CValues within the same column followed by different letters are significantly different at P < 0.05, chi-square test.
produced by older adults and specific to adults. Preliminary gas chromatographic examination of the volatiles has confirmed significant qualitative and quantitative differences in the compositions of nymphal and adult emissions. The significance of the evolution of two distinct sets of pheromones for the two stages of the insect is not clear but may be related to different behavioral ecologies of the two stages (Uvarov, 1966) and a concomitant need to separate them into different groupings.
The lack of response to volatiles of young adults by all stages of the gregarious desert locust, including young adults themselves (Tables 1-3) , is noteworthy. Perhaps young adults are a transition stage where the production of the nymphal aggregation pheromone shuts down to give way to the biosynthesis of the adult aggregation pheromone. Interestingly, young adults were found to be responsive to volatiles of older adults. This is consistent with the fact that a swarming population of the desert locust is generally made up of different age groups including young adults (Uvarov, 1966) . This association of young and older insects is important in facilitating synchronous maturation of members of a given locust generation, apparently modulated by a pheromone produced by mature males (Loher 1960; Norris 1962 Norris , 1964 Amerasinghe, 1978) . Synchronous maturation is critical to the gregarious phase because it ensures simultaneous mating and gregarious oviposition (Popov, 1958; Stower et al., 1958; Norris, 1963) , thus assuring the cohesiveness of the new hopper generation that emerges.
The chemical identity of the two sets of aggregation pheromones remains a question of special interest. We are now directing our attention to this. In addition, the longer-term primer effects of different locust volatiles on solitary locust individuals remain a subject for further research now under way.
